surface-charge screening and inactivation of the NALCN channel-dependent Na + -leak current (20) . High [Mg 2+ ] e in combination with hyperpolarization will reduce the likelihood of NMDA receptor activation during sleep, reducing the brain's ability to undergo activity-dependent changes in excitatory transmission (LTP ] e (21) (22) (23) and is strongly inhibited by anesthesia (24) .These observations suggest that regulation of extracellular ion homeostasis is sufficient to alter behavioral state both locally and globally, providing a path for neuromodulators to exert consistent, stable shifts in neuronal and astrocytic activity across the brain.
A myriad of electrophysiological slice studies have in the past taken advantage of minor modifications in the ion composition of the bath solution to induce stable and highly reproducible changes in neural excitability. The observations presented here suggest that the CNS itself uses the same trick to control state-dependent changes in neuronal activity. One advantage of this "ionostatic control" of neural activity is to provide a backdrop for coordinating shifts in behavioral state through the widespread regulation of excitability without relying on complex receptor activation in diverse subclasses of neurons. The characteristic state-dependent pattern of EEG activity can, at least in part, be explained by differences in extracellular ion composition in sleep versus wakefulness. Our observations add new and critical insight into understanding what drives arousal, as well as the loss of consciousness during sleep and anesthesia. Future studies should define whether changes in extracellular ion concentrations are involved in disorders such as stupor and coma.
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Steroids regulate cell proliferation, tissue development, and cell signaling via two pathways: a nuclear receptor mechanism and genome-independent signaling. Sperm activation, egg maturation, and steroid-induced anesthesia are executed via the latter pathway, the key components of which remain unknown. Here, we present characterization of the human sperm progesterone receptor that is conveyed by the orphan enzyme a/b hydrolase domain-containing protein 2 (ABHD2). We show that ABHD2 is highly expressed in spermatozoa, binds progesterone, and acts as a progesterone-dependent lipid hydrolase by depleting the endocannabinoid 2-arachidonoylglycerol (2AG) from plasma membrane. The 2AG inhibits the sperm calcium channel (CatSper), and its removal leads to calcium influx via CatSper and ensures sperm activation. This study reveals that progesterone-activated endocannabinoid depletion by ABHD2 is a general mechanism by which progesterone exerts its genome-independent action and primes sperm for fertilization.
A
ccording to the conventional model of steroid signaling, steroid hormones act through their corresponding genomic receptors to regulate gene expression in development, metabolism, and reproduction (1, 2). The time scale of these signaling events ranges from hours to days (2) . However, there is a much faster pathway that alters ion channel activity through steroid activation of membrane receptors. Nongenomic signaling of the steroid hormone progesterone (P4) occurs on a time scale of seconds and is required for distinct physiological events, such as oocyte maturation (3) and human sperm cell activation (4, 5) , and P4 likely triggers anesthesia in rodents (6) . Many tissues have both nuclear and membrane progesterone receptors, which complicates identification of the latter. Because sperm are transcriptionally silent cells and, therefore, lack the nuclear progesterone receptor effect, we used human spermatozoa as a cellular model to identify the nongenomic progesterone receptor.
Progesterone is a major component of follicular fluid and is released by ovaries and cumulus cells that surround the oocyte. Nanomolar concentrations of P4 act through the nongenomic P4 receptor pathway and cause robust elevation of sperm cytoplasmic [Ca 2+ ] (7-9) through the activation of the cation channel, CatSper (10) (11) (12) (13) (14) . This rise in intracellular [Ca 2+ ] leads to changes in sperm motility, known as hyperactivation, and primes sperm for acrosomal exocytosis (4, 5, 15 this unconventional lipid-signaling event is responsible for sperm activation and is vital for sperm fertility.
Serine hydrolases are involved in CatSper activation by progesterone
The CatSper complex comprises seven subunits that together form the sperm-specific cation channel expressed exclusively within the flagellum (11-14, 16, 17) . Functional expression of CatSper in heterologous systems has not been achieved; therefore, characterization of this channel is limited to sperm. Spermatozoa are transcriptionally silent and, therefore, lack conventional P4 genomic signaling. By applying the patch-clamp technique in whole-cell mode (13, 18) and depleting sperm from all hydrophilic intracellular and extracellular second messengers, we have shown that CatSper is activated by P4 in a nongenomic manner (7) . This activation could take place under two scenarios: Either P4 binds directly to CatSper or P4 binds to a separate target, which initiates lipid signaling within the sperm plasma membrane and ultimately leads to CatSper activation. To test the latter, we pharmacologically inhibited sperm metabolic serine hydrolases (mSHs), enzymes that participate in metabolism of phospholipids and endocannabinoids (19) . Recording P4-induced channel activation in the absence or presence of the irreversible mSH inhibitor, methyl arachidonyl fluorophosphanate (MAFP), resulted in complete removal of P4-dependent activation of CatSper (Fig. 1, A and B ) but showed no effect on basal CatSper activity ( Fig. 1B and fig. S1 , A and B). Moreover, MAFP treatment ablated P4-induced motility changes, which further supports the idea that physiological P4 effects are a result of indirect activation of CatSper (Fig. 1C and fig. S1C ). Note that MAFP had no appreciable influence on prostaglandin E1 (PGE 1 )-stimulated CatSper activation, which indicates a potential direct effect of PGE 1 on CatSper (Fig. 1B and fig. S1D ).
Regulation of CatSper by endocannabinoids
Lysophospholipids and endocannabinoids were previously found to be mSH substrates (19) . We have therefore assessed these lipids for their involvement in CatSper regulation. Neither lysophosphatidylinositol nor lysophosphatidylethanolamine affected I CatSper (fig. S2) ; thus, their involvement in CatSper activation is unlikely. The family of endocannabinoids includes anandamide (AEA), oleamide (OEA), and monoacylglycerols: 2-arachidonoylglycerol (2AG) and 1-arachidonoylglycerol (1AG). Application of either AEA or OEA had no effect ( Fig. 1D and fig. S2 ), whereas 1AG and 2AG (AGs) inhibited I CatSper (Fig. 1, D To investigate whether AGs are endogenous CatSper regulators, we performed selective lipid extraction from sperm plasma membrane followed by unbiased identification of lipids by liquid chromatography-mass spectrometry (LC-MS). To selectively extract lipids, we developed a cyclodextrin-based protocol that allows removal of steroids and single-tailed lipids, such as AGs, while leaving multitailed lipids in the membrane. We determined that spermatozoa initially have relatively large amounts of AGs and that, after normalization to internal standards and taking into account the dimensions of human sperm flagellum (45 mm by 0.5 mm, with an average volume of 8.8 fl), the concentration of AGs in a spermatozoon could reach at least 0.7 mM. Upon P4 treatment, AG content decreases to that observed in cell-free controls (figs. S4D and S5). Our results show that AGs are detected in the sperm plasma membrane and that their content is drastically reduced upon P4 stimulation. Thus, P4 appears to act through mSHs to deplete AGs in plasma membrane, which leads to CatSper activation.
P4 receptor identification
On the basis of our previous work using cellimpermeable P4 to activate I CatSper (7), the P4 target is localized to the outer leaflet of the plasma membrane. This suggests that the P4 receptor is either a peripheral membrane protein or a transmembrane protein with mSH activity. The P4 receptor is not anchored by glycosylphosphatidylinositol (GPI), because removing GPIanchored proteins from sperm by treating them with phosphoinositide phospholipase C does not remove I CatSper P4 sensitivity ( fig. S6, A and B) . In order to identify human spermatozoa's P4 binding partner, we designed a P4 analog (P4*) that is active toward CatSper, and upon activation with ultraviolet (UV) light, this analog covalently binds to its neighboring molecules ( Fig.  2A; fig. S6, B and C; and fig. S7 ). The same compound contains a biotin tag that allows for pull-down. Next, we treated human spermatozoa with P4*, followed by UV exposure, streptavidinassisted purification, and binding-protein identification using LC and tandem MS (LC-MS/MS) (Fig. 2B) . To determine the specificity of P4* binding, mock-irradiated cells, as well as cells treated in the presence of excess unlabeled P4, were included as negative controls. To triage P4*-positive bands, we used estrogen and progestin Ru486, which do not interfere with P4 activation of CatSper (7). Pull-down experiments revealed four distinct biotin-positive bands (Fig.  2B , bands 1 to 4), although only a single~50 kD band was present in positive controls and absent or reduced from all negative controls. MS analysis of this specific protein band resulted in 1233 unique peptides that correspond to 169 proteins (database S1). We did not identify any CatSper subunits from our six independent pull-down experiments, which suggests that the sperm P4 receptor is not a component of CatSper. Next, we searched for the candidate molecules that specifically bind P4*. We based this search on five criteria applicable to proteins identified by our pull-down: (i) the candidate should be present in all pull-down experiments except for negative controls; (ii) it should be either a transmembrane protein with an extracellular domain, or a protein tightly associated with the membrane, through a linkage distinct from GPI-anchor; and (iii) the P4 target should function independently from CatSper with mSH activity, as the P4 effect on CatSper is fully reversible in the absence of exogenous energy sources (7, 8) . The enzymatic changes imposed on mSH substrates can be removed in an energy-independent manner, unlike the effect of other serine protease or amidases. Also, (iv) the P4 target should be expressed in sperm on the level of mRNA and SCIENCE sciencemag.org 29 protein to exclude epididymal-derived proteins, as testicular CatSper retains P4 sensitivity (8) . Finally, (v) the P4 receptor should localize to the flagellum, because flagellar CatSper is P4 sensitive (7).
Selection of the candidates
Based on the three initial criteria, top candidates were identified: fatty-acid amide hydrolase 1 (FAAH), ABHD2, and prostatic acid phosphatase, which has a transmembrane domain containing splice isoform (TmPAP) (fig. S8 ). The first two candidates are members of a large family of mSHs, whereas the last candidate is an acid-activated phosphatase with hydrolase activity. We ruled out TmPAP involvement by exposing I CatSper to two extracellular pHs, 6.6 and 7.4 ( fig. S2) , and observed no activity differences between these recordings, which suggested that activation of TmPAP is not sufficient for CatSper stimulation. In addition, activity of recombinantly expressed TmPAP is not altered by P4 or by addition of TmPAP-specific antibodies ( fig. S9 ). To test FAAH involvement, we recorded I CatSper from spermatozoa before and after treatment with PF750, an irreversible selective FAAH inhibitor. This treatment had no effect upon I CatSper (fig. S2 ). If FAAH is the P4 target, its native substrate, AEA, would mimic P4 action. However, AEA does not change I CatSper (Fig. 1D and fig. S2 ), which suggests that neither activation nor inhibition of FAAH affects CatSper and so rules out FAAH involvement in P4-dependent CatSper activation.
ABHD2 is present in sperm and acts as a P4-activated lipid hydrolase
Our last candidate, ABHD2, is a member of a superfamily of mSHs with unknown activity. In pull-down experiments, ABHD2 was specifically detected in all lanes, except for negative controls (Fig. 2B) . We confirmed that ABHD2 meets our last two requirements: It is functionally expressed in sperm at the level of mRNA and protein and is confined to the same cellular compartment as the CatSper (Fig. 2, B to D, and figs. S10 and S11A). Antibodies (Abs) against ABHD2 (AbAs) detected the protein in spermatozoa of various mammalian species: humans, boar, bovine, mouse, and rat (Fig. 3A and fig.  S11B ). ABHD2 transcripts are abundant in sperm, as evidenced by unbiased RNA deep sequencing of human spermatozoa and reverse transcription polymerase chain reaction experiments (Fig. 2C,  fig. S11A , and database S2). To confirm that ABHD2 binds P4, we have carried out a P4* binding assay using recombinantly expressed ABHD2 (figs. S10 and S11C). Indeed, positive streptavidin staining revealed that ABHD2 binds P4* specifically and in a UV-dependent manner, and this binding is competed off by excess unlabeled P4 (Fig. 3B) . Additionally, when human spermatozoa were incubated with AbAs, the result was a significant decrease of the CatSper activation by P4, whereas sperm treated with nonspecific antibodies retained their P4 sensitivity (Fig. 3, C and D, and figs. S9C and S11D) . These results indicate that human ABHD2 is expressed in the sperm flagellum and is actively involved in P4-dependent signaling. Next, we explored human ABHD2's enzymatic activity. Because our lipid MS data showed a P4-dependent decrease in sperm AGs, we examined whether recombinant ABHD2 could hydrolyze AGs. Such hydrolysis results in the formation of glycerol and arachidonic acid (AA) (20) , so we monitored free glycerol production as an indicator of ABHD2 activity. As controls, we used mock-transfected cells or recombinant ABHD12 (fig. S11E ), another mSH with known activity toward AGs (20) . ABHD2 revealed modest hydrolase activity unless supplemented with 0.5 mM P4 (Fig. 3E) . P4 significantly enhanced ABHD2 activity, whereas it had no significant effect on ABHD12 (Fig. 3E) . We also tested whether ABHD2 is responsible for P4-induced calcium influx in sperm flagella. Indeed, inactivation of ABHD2 with proteinspecific antibodies or sperm exposure to MAFP both abolished P4-activated calcium influx into sperm flagella (Fig. 4, A and B , and movies S1 to S6).
ABHD2 is present in rodent acrosome
ABHD2 expression was also detected in mouse epididymal sperm cells (Fig. 4C) . Our report (7) showed that murine CatSper is insensitive to P4 and, therefore, may lack ABHD2-dependent regulation. Murine and human ABHD2 proteins share a high degree of sequence similarity; however, their subcellular localizations in sperm are different. Unlike that in humans, murine ABHD2 is restricted to the acrosomal region and is absent from the flagellum (Fig. 4C) . This may explain the absence of CatSper P4 sensitivity in these species, whereas P4-induced acrosome reaction (AR) is retained (15) . On the basis of the ABHD2 localization in acrosome, it is possible that P4 activation of ABHD2 and consequent AA release could be required for AR. Indeed, both P4 and AA stimulate mouse AR to similar levels, whereas MAFP blocks the P4 effect (Fig. 4D and  fig. S12 ). This suggests that mouse AR is dependent on mSH action and that ABHD2 may play a role in this process. Note that 2AG also inhibits mouse I CatSper but with less efficacy than it inhibits human I CatSper (fig. S13 ). Murine sperm gradually lose 2AG content as they travel through the epididymis (21) , and high activity of monoacylglycerol AG hydrolase, the lipase MAGL, contributes to low resting AG levels (22) . Thus, murine CatSper is no longer inhibited by endogenous AGs and, therefore, does not require P4 stimulation. In contrast, human spermatozoa retain substantial amounts of AGs, which keep CatSper shut and, thus, require ABHD2 to eliminate AGs upon P4 exposure. As ABHD2 degrades AGs and activates CatSper, the human sperm membrane must also have a feedback mechanism for CatSper inactivation. Indeed, the sperm plasma membrane constantly produces AGs in order to keep CatSper closed. P4 application produced prolonged CatSper activation that slowly returns to basal levels when P4 is removed from the external solution ( fig. S14 ). The rate of this "washout" matches precisely the rate of 2AG inhibition ( fig. S3D) , which supports the idea that human sperm cells constantly make AGs and that slow "washout" of P4 activation reflects the time-dependent replenishment of 2AG (figs. S3D and S14). Human ABHD2 is a 425-amino acid molecule with a predicted N-terminal transmembrane domain, followed by an extracellularly facing domain. ABHD2 was identified as a candidate protein from our pull-down experiments. This fulfills two of our five requirements for the sperm nongenomic P4 receptor. ABHD2 participates in bioactive lipid signaling by hydrolyzing AGs in a P4-dependent manner, so they act as true mSHs. ABHD2 is functionally expressed in sperm and is confined to the flagellum alongside the CatSper channel. Taking into account that (i) ABHD2 is the only candidate molecule that meets all five search requirements and (ii) modulation of its function by pharmacological perturbation disrupts P4 signaling in sperm and impairs sperm activation, we conclude that the serine hydrolase ABHD2 is the nongenomic progesterone receptor of sperm.
Discussion
Metabolic serine hydrolases acting as monoacylglycerol lipases convert AGs into glycerol and AA. By hydrolyzing AGs in a P4-dependent manner, ABHD2 releases CatSper from AG inhibition, which liberates AA ( fig. S15 ). During sperm transit through the epididymis, the plasma membrane undergoes lipid remodeling, which results in reduced levels of AA (23) and altered sperm motility (24) , perhaps by means of modification of the ion channels' function. Indeed, we found that application of AA briefly activates CatSper, whereas prolonged incubation in 3 mM AA results in CatSper inactivation and loss of P4 sensitivity ( fig. S16, A and B) . In accordance with our model, an overabundance of AA should negatively regulate ABHD2 activity; therefore, continuous P4 application will result in a considerable accumulation of AA in the outer leaflet of the sperm plasma membrane, which would ultimately lead to CatSper desensitization. However, prolonged P4 exposure does not cause CatSper desensitization (7). It is possible then, that during exposure to P4, liberated AA diffuses into the inner membrane leaflet or is released into the extracellular medium. Indeed, under our experimental conditions, any compound released from the plasma membrane will be removed by continuous perfusion. It is possible that AA removal from the outer leaflet in vivo could be achieved by either fatty acid transporters or chelation by albumin, which is abundant in the female reproductive tract.
Both murine and human CatSper are upregulated by intracellular alkalinization (7, 13) ; however, P4 exposure is also required for full human CatSper activation. This is explained by the fact that ejaculated human spermatozoa retain a substantial amount of 2AG; therefore, P4 activation of ABHD2 is needed for 2AG clearance. That MAFP-treated cells still respond to PGE 1 points to an intriguing possibility that PGE 1 may stimulate CatSper by allosteric activation of CatSper or may compete with 2AG directly for the binding site. Prostaglandins are derivatives of AA and are structurally similar to the 2AG tail; however, such a hypothesis requires additional experimental confirmation.
Regulation of male and female fertility by endocannabinoids has been explored previously, with particular focus on anandamide (25) , whereas the role of 2AG in reproductive tissues is not well investigated. This study fills the gap by showing an important role of 2AG in sperm activation. It is possible that the P4-ABHD2-endocannabinoid axis could also regulate female reproduction by a similar mechanism. In fact, the expression of endocannabinoid system components was previously linked with genomic steroid activity (26, 27) . However, our results indicate that progesterone can affect the level of endocannabinoids by binding ABHD2 and directly activating its hydrolase activity. The P4 binding site for this protein seems to be unique and does not resemble the classical steroid-binding pocket (28) on the basis of sequence similarity. Furthermore, competitive ligands of classical P4 signaling have no effect on the nongenomic action (Fig. 2B) (7) .
In conclusion, we have characterized a novel function of ABHD2, which metabolizes endocannabinoids 1AG and 2AG only in the presence of progesterone. Moreover, we show that AGs act as endogenous inhibitors of CatSper. Upon P4 stimulation, ABHD2 hydrolyzes these endocannabinoids and that, together with intracellular alkalinization, leads to CatSper opening and triggers sperm hyperactivation, which makes spermatozoa fertile. Characterization of P4-dependent endocannabinoid hydrolysis reveals the missing link in nongenomic steroid signaling that regulates sperm activation. In addition, our model suggests that AGs are continuously produced to block CatSper, unless progesterone stimulates their hydrolysis by ABHD2 contradicting the "on-demand synthesis model" of endocannabinoid activity, whereby these lipids act only upon stimulus-dependent release from their precursors. Identification of ABHD2 as the nongenomic progesterone receptor of sperm provides a new target for developing novel contraceptives. Given the widespread expression of ABHD2 (29) , the progesterone-ABHD2 axis is likely a critical component of the nongenomic action of this steroid in other tissues.
